The paper outlines a protocol for comprehensive evaluation of mixing devices for activated sludge tanks using field testing for calibration of computational fluid dynamic (CFD) modeling to compare the impacts of tank and mixing device geometry on mixing and energy efficiency. The protocol includes a CFD model for activated sludge solids settling and transport which captures the influence of solids concentration gradients on fluid motion. This element of the protocol is unique in that almost all analyses completed to date for activated sludge biokinetic modeling or mixing have assumed either 1) complete mixing or 2) neutral density CFD. The protocol has been applied to date to several types of mixing devices including jet aeration and mixing, horizontal shaft propeller mixers, and diffused aeration. Field testing of several other types of mixing devices has also been accomplished. The protocol is recommended to optimize design and application of mixing devices for activated sludge service in aerated, anoxic, and anaerobic tanks as part of biological treatment processes. The approach can be extended to incorporate biokinetic models that more accurately predict the impact of tank geometry and mixer configuration on treatment efficiency than can be achieved assuming complete mixing or neutral density CFD.
INTRODUCTION
With increasing recognition of the importance of nitrogen and phosphorus removal from wastewater discharges and recognizing the proven economy of biological treatment processes for nutrient removal, the wastewater treatment industry has seen an increase in the use of unaerated tanks for anoxic uptake of nitrate and anaerobic tanks to facilitate phosphorus removal from wastewater effluents. Anaerobic tanks are also increasingly used to improve activated sludge settleability. In order to facilitate these treatment goals, biological treatment tanks with significant concentrations of suspended solids must be mechanically mixed. With this increasing importance of mixing in standard biological treatment processes, optimization of tank geometry and mixer configuration becomes more important. We want the most efficient mixing in two senses: 1) we want near uniform distribution of suspended solids across our treatment tanks and 2) we want to use tank geometries and mixer configurations that minimize consumption of energy. It is towards this optimization of mixing and energy efficiency that the proposed protocol aims. This paper is an extended version of a poster and paper prepared for the Joint WEF and IWA, WWTMod Conference (Samstag and Wicklein, 2014.) 
PROTOCOL APPROACH
The elements of the proposed protocol include the following:
 Field testing for comparison with CFD results  Development of CFD models for the conditions of the field test  Calibration of the CFD models  Development of CFD models for alternate basin geometry and mixer type and configuration and comparison of CFD results from alternative geometries and mixing devices in terms of mixing and energy efficiency
Field Testing
Field tests used by the authors to date have included: 1) solids profiles, 2) velocity profiles, and 3) residence time distribution tests. In the current work each of these test techniques will be discussed.
Solids Profiles
Solids profile tests are arguably the most important data for evaluation of mixers. In suspended growth wastewater applications a uniform distribution of solids concentrations at the lowest power level is the primary goal. Solids profile tests can be implemented in the field by a number of means. Solids samples can be withdrawn by Kemmerer samplers or by a series of sample pumps using the techniques developed by Robert Crosby (Crosby and Bender, 1980) or by solids probes. In the Crosby technique a grid of approximately 25 samples are withdrawn across the tank width and depth at locations chosen to illustrate mixer influence. The samples are then analyzed for total suspended solids content (Method 2540D, APHA et al., 2013 The authors have used the Crosby technique for sedimentation tank tests. In recent tests for tank mixers, the authors have used an optical solids probe for direct measurement of suspended solids concentration. For measurements discussed below we used an Insite Instrumentation Group Model 3150 probe. This is a model frequently used by wastewater treatment plant (WWTP) operators for routine sampling of mixed liquor suspended solids (MLSS) concentrations. Initially, three grab samples are taken and total suspended solids (TSS) concentrations measured in the laboratory using the Standard Methods procedure referenced above. Probe measurements are then calibrated by comparison with grab samples and clear water prior to each test. Detailed protocols for the TSS tests are available from the authors. The general approach is to take three to five sets of samples from one or more cross sections of the mixed tank at three to five depths. This, of course, is highly dependent upon available access.
Detailed TSS measurements for four vertical shaft mixers were conducted by Carollo Engineers for the Orange County Utilities' (OCU) South Water Reclamation Facility (SWRF) in Orlando, Florida (Carollo Engineers, 2013.) A cross sectional grid of 25 data points were measured for each mixer. Three hydrofoil mixers from different manufacturers were compared to a hyperboloid mixer. Hydrofoil I had three flat impellers each with a downward bending trailing edge. This impeller was mounted 0.6 meters off the tank floor. Hydrofoil II had three curving impeller blades of relatively large diameter. The impeller was mounted with the shaft connection approximately 2 meters off the tank floor. Each blade projected downwards approximately one meter. Hydrofoil III was constructed of a single flat plate with three downward folding projections. This impeller was mounted approximately one meter off the tank floor. These impellers produce a downward pumping action through the impeller. The Hyperboloid I mixer was mounted approximately 0.5 meters off the tank floor and produced a downward pumping action using a series of upwardly projected shallow ridges of hyperboloid shape.
These mixers were all arranged in anoxic zones of a plug flow (converted racetrack) reactor tank without internal recycle pumping. Measurements of TSS concentrations were taken at five different locations in a cross-section approximately 3 meters downstream of the mixers, perpendicular to the main flow through the tank and at five different depths. The measurements were taken over the course of a one-hour period on different days for each mixer. The deviation of the measured concentration from the average concentration across the entire section was then calculated. This deviation may be considered the coefficient of variation (CoV) of the sample data for each mixer.
Contour plots of the measured concentration data are presented in Figure 1 . The contour plots for Hydrofoil I and Hydrofoil II indicate an asymmetry across the tank. This asymmetry is thought to have been caused by upstream conditions in the tank for these mixers. The three hydrofoils were all arranged on their vertical shafts at approximately one third depth in the tanks. The one hyperboloid mixer was nearer to the bottom of the reactor tank. The contour plot for this mixer shows relatively uniform concentrations across the tank, but significantly higher concentrations in the tank bottom. Table 1 presents a summary comparison of the data. The smallest CoV among the four mixers was for Hydrofoil 1. But this mixer also had the highest measured power draw. Power measurements were conducted throughout the test period using a current meter. The table shows the measured power draw, the power draw per unit of mixer reactor volume, the CoV, and the equivalent power requirement for an extrapolated CoV of 10 percent, a common requirement for specifications for mixers for activated sludge reactor mixers. The equivalent power was estimated based on the assumption of the direct (linear) proportionality of mixing efficiency with power draw. The table indicates that while Hydrofoil I had the lowest measured CoV, and Hydrofoil II the highest, when corrected for unit power, Hydrofoil II had the lowest predicted power requirement for a 10 percent CoV. The variation in equivalent power requirement for a 10 percent CoV between the most efficient to the least efficient mixer was over three to one.
Carollo Engineers also conducted limited field tests of jet mixing and aeration of an operating sequencing batch reactor at the Blacks Ford Regional Water Reclamation Facility (BFRWRF) of the JEA Utility in Jacksonville, Florida. The tests were conducted to establish solids concentration profiles under normal operating conditions for use in calibrating CFD modeling. Solids concentration measurements were taken at multiple depths at two locations at the edge of the operating sequencing batch reactor (SBR) using a calibrated optical solids measurement probe. Sample locations were: 1) near to the wall at one location adjacent to the main platform between the effluent decanters and 2) adjacent to the access ladder for one auxiliary header submersible pump. Sample locations are shown schematically in Figure 2 .
Mixed liquor suspended solids (MLSS) measurements were made during mixed cycles with both air and pumping operational and during pumping-only mix cycles. The measured MLSS concentration for the day of the test was approximately 2,400 mg/L and the sludge volume index (SVI) was approximately 100 mL/g. Figure 3 presents results of sampling during a period when both the pumped mix system and the aeration blower were operational. The data indicate a fully mixed condition with a slight accumulation of floatable solids. Solids concentrations were in the range of 2,320 to 2,380 mg/L for the four measurement locations below the water surface and 2,550 mg/L for the measurement at the water surface. Figure 4 presents results from sampling at the location of the main platform during a period with the mixing pump in operation and with the aeration blower off. A series of four measurements were made at the main platform location at different times following shutdown of tank mixing pumps: 1) immediately after shutdown, 2) 25 minutes after shutdown, 3) 66 minutes after shutdown, and 4) 83 minutes after shutdown. The data indicate that at this location, concentrations less than 1,000 mg/l were present at the top 1.5 m level of the tank after 83 minutes of mixing and reached a maximum of 2,950 mg/L at the tank bottom after 25 minutes of mixing. At later times, the measured bottom concentrations were approximately 2,600 mg/L. Figure 5 shows results of measurements adjacent to the location of the auxiliary header submersible pump access ladder. The access location in the test tank was on the opposite side of the tank from that shown in the figure. The figure is based on the tank model, which was based on manufacturer's installation drawings. After 42 minutes of mixing, the solids concentration at the 1.5 m level layer was 1,380 mg/L and the concentration at the bottom was measured at 2,200 mg/L. After 75 minutes of pumped mixing, the top-level concentration was 650 mg/L and the bottom concentration was 2,450 mg/L. These results have been previously reported in Samstag, et al. (2012) . 
Velocity Profile Tests
For the same plug flow racetrack mixers discussed above the authors made measurements of velocities in the mixer zones using a Hach Model FH950 velocity meter. Velocity measurements in the horizontal and vertical direction were taken at the approximate locations of the TSS profile measurements for each mixer. Figure 7 shows velocity magnitude (indepent of direction) for the for each mixer in a cross section facing the mixer from the mixer walkway at the opposite side of the walkway. The velocity magnitude is the square root of the sum of the squares of individual horizontal or vertical velocity measurements at each location. As such, the magnitude is nondirectional; the velocity magnitude is the absolute value of the average velocity at each sample point. The mixers all showed strong downward velocity in the center of the tank cross section with upward velocities on either side near the tank walls.
The average velocity magnitude for each mixer cross section is shown in Table 2 . The Hydrofoil I mixer had the highest average velocity magnitude at 0.22 meters per second (m/sec). The other three mixers showed average velocity magnitude in the range of 0.11 to 0.15 ft/sec. An average velocity magnitude of approximately 0.15 m/s was measured for the Hydrofoil II mixer, which achieved a CoV in solids profile tests of approximately 10 percent. This velocity magnitude value was therefore taken as the magnitude required for a 10 percent CoV. Assuming a linear relationship between velocity magnitude and solids profile CoV, the Hydrofoil II mixer showed the lowest unit power requirement to achieve the 0.15 m/s average velocity magnitude. 
RTD Tests
Residence time distribution (RTD) tests can be used as an indicator of the degree of mixing in aflow through tank. In the RTD test a slug of non-reacting tracer is added to the upstream end of the tank and the concentration of the tracer measured at a downstream point over time. RTD theory was developed by Danckwerts (1953) and is described in detail by Levenspiel (1972) . RTD theory recognizes that "elements of fluid taking different routes through the reactor may require different lengths of time to pass through the vessel. The distribution of these times for the stream of fluid leaving the vessel is called the exit age distribution, E, or the residence time distribution RTD of the fluid (Levenspiel (1972) p. 255)." The exit age distribution can be thought of as the ratio of the measured dye concentration from the tank divided by the concentration representing the instantaneous mixing of the tracer slug into the tank volume. The exit age distribution, E, is typically plotted against the relative residence time, θ, to illustrate the RTD of the tank. The relative residence time is the expired time for a given dye sample divided by the theoretical hydraulic residence time (HRT) for the tank volume. The HRT is the tank volume divided by the flow through the tank.
The aim of the RTD test is to determine the overall hydraulic character of a mixer tank zone based on an equivalent number of tanks in series for each mixer tank zone between the extremes of 1.0 for a completely mixed tank to infinity for a plug flow tank. Using this number as an index of mixing; the mixer zone with the closest approximation to a 1.0 tanks in series (TIS) RTD fit would be the most effectively mixed. The RTD for a completely mixed tank, which would be modeled as a single TIS, would characteristically show an exit age curve that started at the flash mix concentration of the dye slug at time zero and gradually decayed over time. An ideal plug flow tank would produce a RTD plot that had an infinite effluent dye concentration exactly at the mean HRT of the tank.
Figure 8 presents a graph of an example RTD test in the mixer tank with the Hydrofoil II mixer as described above. The RTD test was conducted using Rhodamine WT fluorescent dye and a Turner Designs AquaFluor® handheld fluorometer. A slug of Rhodamine WT was added to each mixer zone at a location upstream of the mixer and samples were withdrawn at intervals from a location downstream of the mixer. The resulting graph of E versus θ is compared to a least-squared best fit to a TIS model of the mixer zone (See Levenspiel, 1972 .) Similar RTD tests were conducted for each of the four mixers described above. 
CFD models
The first step in development of a calibrated CFD model is to produce a geometric and computational mesh of the field-tested reactor. Modern tools for CFD allow construction of extremely detailed models of complex geometries. The first step in this process is creation of the tank model. Tools for this purpose include GAMBIT and DesignModeler, proprietary software owned and licensed by ANSYS, Inc. GAMBIT provides for both geometric modeling and meshing.
DesignModeler is used for creation of geometric models. ANSYS Meshing is the proprietary meshing software to create numerical grids or meshes for models created by DesignModeler and other modeling software. The authors have used ANSYS GAMBIT, Version 2.4.6 for both modeling and meshing for the case studies referenced here. We have used GAMBIT on a computing platform of 64-bit workstations with multiple CPU cores running a 64-bit Windows XP operating system. Figure 9 presents an illustration of the three-dimensional geometric model and a projection of the computational mesh prepared for the BFRWRF SBR tanks for CFD analysis. The model shows the three jet headers, the main header pump intake, the auxiliary header pumps and intakes, and the effluent decanters. The effluent decanters were not required for the flow simulation, but were included to simulate the fluid environment. The polyhedral computational mesh of approximately one million cells is shown, projected onto model surfaces.
Figure 10 presents the model and mesh constructed for another project simulating mixing in a racetrack reactor tank converted to anoxic and aerobic plug flow configuration (Wicklein et al., 2013) . This tank was modeled with a polyhedral mesh of over two million cells. Figure 11 presents a schematic detail of a submersible mixer modeled in the anoxic reactor using a rotating frame of reference model. 
Calibration of the CFD models
Modern CFD models can be used without calibration. The physics of CFD have been verified within the tolerance of most field measurements many times. A possible exception is in the area of turbulence estimation. It is widely believed that the k-epsilon turbulence model is appropriate for the types of recirculating flows commonly seen in activated sludge sedimentation tanks, although other turbulence models can develop superior calibrations, depending on the problem geometry. Calibration is more important where the CFD is used as a base for solids transport or biokinetic models, since many of the empirical parameters used in these models are much less well established than the physical parameters applicable to fluid flow. Calibration techniques have included solids settling rate testing, solids profile matching, and clarifier sludge blanket matching during dynamic flows. (See Griborio et al. (2008) , Samstag and Griborio (2010) , Samstag (2009), and .) For this protocol we demonstrate use of one of the most powerful techniques, solids profile matching. These simulations were conducted using UDF for solids settling and transport with coupling of the influence of solids gradients on the density profile and fluid flow. Hindered settling velocities were calculated based on value for the sludge volume index (SVI) of 150 mL/g, using the revised Daigger equation (Daigger, 1995) . Further details are presented in Samstag et al. (2012) .
The work for the BFRWRF did not include velocity profiling of the SBR tanks. This provides another opportunity for calibration. Calibration of velocity fields has been accomplished in sedimentation tanks. See the early work of Larsen (1977) which is compared to CFD work in Wicklein and Samstag (2009) , and the comparison of drogue velocity measurements to CFD model predictions in . Figure 14 presents the predicted velocity profile for the SBR tanks at the BFWRF from the CFD model. The figures show the condition in a tank with aeration turned off in which has very high velocities at the exit from the mixing jets, but which dissipate rapidly further out from the jet exits. With the aeration on, higher velocities penetrate to the upper reaches of the tank resulting in complete solids mixing.
The importance of including density coupling in the CFD simulation is illustrated in Figure 15 . The figures compares the results from simulation of 25 minutes of pumped mixing in the SBR tanks after turning off aeration with the density couple active compared to a neutral density simulation where the effect of concentration gradients on the density field was turned off. The result is that without including the density couple, the CFD simulation predicts relatively complete mixing for the pumped mix condition. This result is unrealistic based on the field tests. Since neutral density CFD simulation of mixing is common in the industry, this is a significant finding. 
CFD Model Alternatives
After calibration of the CFD model to conditions of operation in the field, the CFD model can be used to consider alternative configurations to improve operation. For the BFRWRF project a series of alternatives were considered in which the jet velocity was increased in an effort to improve solids mixing during the pumped mix cycle. Figure 16 shows comparative predictions of solids profiles under four different jet velocities from 2.5 m/sec to 4.0 m/sec. The simulations indicate that increasing the velocity to 3.0 m/sec would reduce solids deposition in the tank after 25 minutes of pumped mixing after aeration is turned off, but that increasing the jet velocity to 4.0 m/sec would be required to achieve a CoV for solids concentration less than 10 percent. This is illustrated in Table  4 . Power requirements for this increase in mixing intensity would triple the installed power for this facility. These results show that the original design was significantly inadequate to meet a specification of CoV less than 10 percent. In another project Carollo investigated the efficiency of solids mixing in the plug flow racetrack configuration previously shown in Figures 9 and 10 . Two different mixers were investigated using an un-calibrated CFD model incorporating density-coupled solids settling and transport. The project also included a two-fluid model (water and air) of the aerated zone in a side-sloped reactor. Figure  17 presents the resulting solids concentration profiles from a simulation of an initial configuration using two 15 hp (11 kW) horizontal propeller mixers with submersible motors. Figure 18 presents the results of an optimized solution which also included the effects of increased mixed liquor recycle (MLR) flow through the reactor zones. Figure 19 shows simulated velocity and solids profiles for vertical hyperboloid mixers in the same reactor. Table 5 presents summary data for mixing efficiency derived from the field tests and calibrated and un-calibrated CFD simulations discussed above for:  Pumped jet mixing  Vertical hydrofoil mixers  Vertical hyperboloid mixers  Horizontal propeller mixers
SUMMARY RESULTS
The data indicate that the hydrofoil, hyperboloid, and horizontal propeller mixers have the potential for much greater power efficiency than pumped mixing. The equivalent power required for these mixers varied in the range from 1.3 to 4.5 W/m3. This unit power range to achieve a 10 percent CoV of solids mixing is less by an order of magnitude than that of pumped mixing. Within the group of hydrofoil, hyperboloid, and horizontal propeller mixers, the most efficient, based on this unit power criteria (operating without the influence of mixed liquor recycle) was the Hydrofoil II mixer, followed by the Hydrofoil I mixer, and lastly the hyperboloid and horizontal propeller mixers, which were approximately equal in mixing efficiency. Based on the testing work, the Hydrofoil II mixer was approximately three times more power efficient than the hyperboloid and horizontal propeller mixers to achieve a 10 percent CoV for mixing of activated sludge solids.
It should be noted that this result is dependent on the assumption of direct proportionality of power with mixing intensity, since CoV values from mixers operating with different power levels were normalized to a CoV of 10 percent by this assumption. The assumed scaling relationship was as follows: The linear relationship is suggested by analogy to the formula for pumping power, which is the product of system head and flow (velocity). A squared relationship would be suggested by the formula for energy ( 2 ).The authors have compared this linear relationship to alternative relationships in which the CoV at 10 percent was set equal to the square root or the square of the ratios of the test CoVs times the power level at the test CoV. Neither of these alternatives significantly changed the order of comparison of the different types of mixers, although absolute values of the predicted power level varied widely with these different assumptions for scaling. The linear relationship has the virtue of simplicity and that it produces a power level for the Hydrofoil II mixer at 10 percent CoV appropriately close to the measured value at 9.2% CoV. The authors consider this an area where future research could resolve the most appropriate scaling relation by comparing measured CoV values (by field test or CFD) for different power levels with the same mixer in the same geometry. 
CONCLUSIONS
Three different calibration techniques have been discussed for calibration of CFD models for activated sludge mixing: solids profile tests, velocity profile tests, and RTD tests. Of these, the solids profile tests is recommended, since it measures most directly the objective of activated sludge mixing; solids distribution, the measure of which, as CoV, is commonly used for specification of activated sludge mixing devices.
A protocol has been developed for comparisons of the efficiency of activated sludge mixing systems using field-calibrated CFD models. A crucial difference in this protocol from previous work is to incorporate the effects of solids settling and transport on fluid motion. Density coupling in the CFD model was found to be necessary to adequately represent mixing efficiency. Elements of the protocol have been applied to jet aeration and mixing, vertical shaft hyperboloid mixers, horizontal propeller mixers, and diffused aeration. We propose this protocol as a comprehensive approach to optimizing activated sludge mixing and urge its adoption in future studies. We suggest that future work be done to further identify the appropriate scaling relationship between CoV and the unit power ratio. The current protocol uses a linear relationship, but other scaling approaches should be investigated.
